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Introduction {#j_raon-2020-0021_s_001}
============

Chondromalacia patellae is a common reason for patellofemoral pain syndrome. It is defined as the disruption of patellar cartilage due to repeated stress to the articular surface.[@j_raon-2020-0021_ref_001] These patients may experience frequent recurrence and chronic pain, which limits daily life activities.[@j_raon-2020-0021_ref_002] Radiographs were traditionally used to diagnose chondromalacia; however, this modality was unable to visualize patellar alignment and congruency angles[@j_raon-2020-0021_ref_003], and the complete anatomy was not visualized using X-ray.

Magnetic resonance imaging (MRI), a non-invasive tool to detect chondromalacia patellae with a high soft tissue contrast, can detect chondromalacia in the lower stages with a sensitivity of 66%. Moreover, this sensitivity rises to 85--100% for the higher stages.[@j_raon-2020-0021_ref_004] Many key findings can be detected in the early stage of chondral loss including signal irregularities, fissures, and chondral thinning; thus, leading to earlier diagnosis.[@j_raon-2020-0021_ref_005]

Multiple mechanisms can cause chondromalacia, including vascular insufficiency, trauma, and structural abnormalities.[@j_raon-2020-0021_ref_006] In line with the mechanism of structural abnormalities, many studies have evaluated patellar and femoral trochlear morphology with different radiologic indices. Femoral intertrochlear notch angle, femoral trochlear depth, femoral sulcus angle, femoral trochlear angle, patellar tilt angle, and patellar height indices were among these factors. Many patellar height indices, measured as patellar tendon to patellar length ratio, seemed to correlate with cartilage defects.[@j_raon-2020-0021_ref_007] Furthermore, the correlation between tibial structural abnormalities and patellar cartilage stress, but not cartilage defects, was evaluated previously.[@j_raon-2020-0021_ref_008] On the other hand, some studies focused on the correlation between soft tissue structure and chondromalacia, particularly subcutaneous fat and adjacent muscles.[@j_raon-2020-0021_ref_008], [@j_raon-2020-0021_ref_009]

Radiologic findings of the knee joint differ between low-grade (grade 1, 2) and high-grade (grade 3,4) chondromalacia. For instance, the sulcus angle and trochlear depth were shown to be significantly different between mild and severe cartilage defects.[@j_raon-2020-0021_ref_010]

The role of tibial anatomy is not well-known in developing chondromalacia. Some studies evaluated the role of tibial anatomy in dynamic models, but not in human subjects.[@j_raon-2020-0021_ref_011]

To our knowledge, there is no published diagnostic model of radiological findings for chondromalacia that includes all important findings including tibial anatomical parameters. We aimed to develop a model and assess the discriminative power of tibial, patellar, and femoral indices for chondromalacia and emphasize the role of tibial anatomy for the first time. We also hypothesize that patellar height is a substantial factor, affecting the development of the disease.

Patients and methods {#j_raon-2020-0021_s_002}
====================

Patients and population {#j_raon-2020-0021_s_002_s_001}
-----------------------

We reviewed all the radiology records of the patients who underwent knee MRI in our institute between February 2017 and March 2019. We reviewed almost 2000 MRI images of the patients who referred to our institution. After reviewing all the images, we included 200 cases of chondromalacia patellae without any other accompanied diseases in MRI images. The diagnosis of chondromalacia was made on MRI findings including irregularity of the cartilage and the loss of cartilage thickness in at least two consecutive slices. The exclusion criteria were as follows: age more than 65 or less than 18, history of trauma to the knee and adjacent structures in the last 6 months, history of knee surgery, osteoarthritis grade 3 and 4, presence of a fracture or space-occupying lesion in MRI, and patellar subluxation. Patients were contacted and referred to our clinic for clinical evaluation. Patients with other clinical signs not related to chondromalacia were also excluded. After applying exclusion criteria and considering clinical signs, we included 100 cases of chondromalacia patellae. Chondromalacia cases were also classified as grade 1 to 4 according to the Modified Outerbridge's MRI grading system.[@j_raon-2020-0021_ref_012] In case of the presence of more than a single grade lesion, the higher grade was selected.

After reviewing MRI images, we selected 200 controls without any significant changes in bony, ligamentous, chondral, tendinous, and muscular structures around the knee. Selection bias was minimized by using case-matched controls regarding age, gender, and BMI. The patellar cartilage was evaluated intact in the control group. After clinical evaluation, we excluded 100 controls with positive clinical finding in the knee. We finally included 100 healthy matched controls in the final analysis. A radiologist experienced in musculoskeletal imaging (A.E.) performed all the measurements. The same radiologist repeated the MRI measurement after 4 weeks in a random sample of the whole population to test the intra-rater reliability. The reader was blinded to participant's names, sex, age. The ethical approval for this study was obtained from local ethics committee and written consent was obtained from the patients.

MRI evaluation {#j_raon-2020-0021_s_002_s_002}
--------------

A 1.5 Tesla Achieva (Philips, Best, Netherlands) MRI device with an extremity superficial coil was used to perform the scans. All the measurements and processing were performed in the Picture Archiving Communication System (Marco PACS, Version 10). The standard protocol of knee MRI was applied (neutral knee position) with a slice thickness of 3 mm. T1 and T2 (sagittal), Proton density (PD) fat saturation (axial, coronal, and sagittal) sequences were recorded. We measured 25 MRI parameters in the knee and adjacent structures. The definition and the procedure of all measurements were described elsewhere and are summarized in [Figure 1](#j_raon-2020-0021_fig_001){ref-type="fig"},[2](#j_raon-2020-0021_fig_002){ref-type="fig"},[3](#j_raon-2020-0021_fig_003){ref-type="fig"} ([Figure 1](#j_raon-2020-0021_fig_001){ref-type="fig"} & [Figure 2](#j_raon-2020-0021_fig_002){ref-type="fig"} illustrates the significant MRI measurements in the final model). Intercondylar notch angle (INA), medial tibial slope (MTS), lateral tibial slope (LTS), anterior tibial slope (ATS), coronal tibial slope (CTS), intercondylar depth (ID), condylar width (CW), intercondylar width (IW), medial condylar width (MCW), lateral condylar width (LCW), notch width index (NWI), and patellar tendon tibial shaft (PTTS) angle were evaluated in previous studies in cruciate ligament injuries[@j_raon-2020-0021_ref_013], [@j_raon-2020-0021_ref_014], [@j_raon-2020-0021_ref_015], but not in chondromalacia subjects. Subchondral and cartilaginous Wibergangle (SWA and CWA) were evaluated in trochlear dysplasia[@j_raon-2020-0021_ref_016], but not in chondromalacia patients. Tilting deformity was evaluated in healthy subject by using patellar-patellar tendon (P-PT) angle[@j_raon-2020-0021_ref_017]; however, it was not evaluated in chondromalacia cases. Lateral patellar tilt angle (LPTA), sulcus angle (SA), trochlear depth (TD), lateral trochlear inclination (LTI), medial trochlear inclination (MTI), patellar facet angle (PFA) and trochlear angle (TA) were studied in chondromalacia cases; however, the controls were not matched to the cases regarding gender and BMI.[@j_raon-2020-0021_ref_018] Also, they were analyzed in a single variable model using *student t-test* method and not in a multi-variable model. Tibial tuberosity-trochlear groove (TTTG) distance was described in patellofemoral pain syndrome[@j_raon-2020-0021_ref_019], but not assessed specifically in chondromalacia cases. Patellar height index was also described in previous studies[@j_raon-2020-0021_ref_020]; however, we evaluated the predictive power of Insall-Salvati index (ISI) for the severity (gra ding) of the disease.

![**(A, B, C)** Axial PD fat sat MR images illustrating lateral trochlear inclination, trochlear depth, and lateral patellofemoral angle. (Lateral trochlear inclination, z: the angle formed between the lateral trochlear facet and a parallel line to the line connecting the posterior-most cortical surfaces of the femoral condyles; Trochlear depth, y: the distance between the deepest point of trochlear sulcus and the line connecting the anterior points of the medial and lateral condyles; Lateral patellar tilt angle, x: the angle between the line parallel to the patellar lateral facet and the line connecting the most posterior parts of femoral condyles)](raon-54-159-g001){#j_raon-2020-0021_fig_001}

![**(A, B)** Sagittal T1-Weighted MR images illustrating medial tibial slope and Insall-Salvati index. (Medial tibial slope, z: the angle formed between the line running along the tibial slope of the medial tibial condyle and the perpendicular line to the tibial axis; Insall-Salvati index: the ratio of x to y; x, the length of patellar tendon and y, the greatest diagonal length of patella)](raon-54-159-g002){#j_raon-2020-0021_fig_002}

![Measurements of nonsignificant MRI parameters in the final model. **(A)** Axial MRI plane of the knee showing Intercondylar notch angle (INA) and Intercondylar depth (ID): The posterior bicondylar line is drawn. ID is the distance between top of the notch to the bi-epicondylar line. Intercondylar notch angle is defined as the angle formed by the 2 lines going from the top of the notch to the most inferior aspect of the notch at the medial and lateral condyles; **(B)** Axial MRI plane of the knee showing Intercondylar Width (IW), Medial condyle width (MCW), and Lateral condyle width (LCW): IW is the distance between the medial and lateral femoral condyle walls at the anterior third of the intercondylar depth (the middle line), the other two distances in this axial cut represent LCW, and MCW; **(C)** Sagittal MRI plane of the knee showing anterior tibial slope (ATS): At first the tibial axis is drawn by joining to midpoints between the anterior and posterior cortex of the tibial diaphysis with at least 5cm distance from each other. The anterior tibial slope is then defined as the angle between a perpendicular line (inferior line) to the longitudinal axis and a line passing through the anterior cruciate ligament tibial footprint (superior line); **(D)** Sagittal MRI plane of the knee showing coronal tibial slope (CTS): The coronal tibial slope is defined as the angle between a line joining the highest points on the medial and lateral aspects of the tibial plateau (inferior horizontal line) and a perpendicular line (superior horizontal white line) to the longitudinal axis as mentioned above; **(E)** Sagittal MRI plane of the knee showing lateral tibial slope (LTS): the angle formed between the line running along the tibial slope of the medial tibial condyle and the perpendicular line to the tibial axis; **(F)** Sagittal MRI plane of the knee showing patellar tibial tendon shaft angle (PTTS angle): PTTS angle is measured as the angle between Proximal tibial anatomical axis described above and patellar tendon axis in the mid-sagittal section; **(G)** Coronal MRI plane of the knee showing notch width index (NWI): first Bicondylar width parallel to the joint line at the level of popliteal groove is measured (1). Then notch width is measured at the level of popliteal groove, using the line joining the innermost margins of the femoral condyles at the borders of the intercondylar notch (2). The NWI is ratio of 2/1; **(H)** Axial MRI plane of the knee showing sulcus angle (SA): The angle formed between the medial and lateral trochlear facets; **(I)** Axial MRI plane of the knee showing patellar facet angle (PFA): the angle between two line connecting the central ridge to the middle of patellar facets; **(J)** Axial MRI plane of the knee showing patellofemoral index (PFI): the ratio of medial to lateral interspaces; **(K, L)** Axial MRI plane of the knee showing tibial tuberosity trochlear groove distance (TTTG): posterior line was drawn at posterior border of femoral condyles. A vertical line is drawn at trochlear groove and the other parallel line is drawn along the tibial tuberosity that transferred to this level. Distance between the two lines is measured as TT-TG; **(M)** Sagittal MRI plane of the knee showing Patella-patellar tendon angle (P-PT angle): The P--PT angle was defined as the angle between the upper patellar pole and the lower patellar pole, and the tibial tuberosity; **(N)** Sagittal MRI plane of the knee showing Patellotrochlear index (PTI): it is defined as the length of patellar cartilage overlapping the trochlear cartilage divided by length of patellar cartilage; **(O)** Axial MRI plane of the knee showing medial trochlear inclination (MTI): the angle formed between the medial trochlear facet and a parallel line to the line connecting the posterior-most cortical surfaces of the femoral condyles.](raon-54-159-g003){#j_raon-2020-0021_fig_003}

Statistical analysis {#j_raon-2020-0021_s_002_s_003}
--------------------

MRI measurements were presented in the case and control group by median (interquartile range). Odds ratio (95% CI) for each measurement was calculated including the clustering of observations within subjects. We applied multiple alternative variable selection approaches, including backward and forward stepwise approach to develop the most parsimonious predictive model with the highest calibration. Final model was selected based on Akaike Information Criterion. Then we applied bootstrapping (with 50 replications) to assess the internal validity of the model. The final Odds ratio (95%CI) was reported from bootstrapping results. In the final model, we calculated the Area Under Curve using bootstrapping internal validation. Same analysis approach was replicated to compare two group of cases with low disease severity (grade 1, 2) vs. high severity (grade 3,4). Intra-class correlation coefficient was used to assess intra-rater reliability. All analyses were performed in Stata 15.0 (StataCorp, College Station, TX).

Results {#j_raon-2020-0021_s_003}
=======

Patients' characteristics {#j_raon-2020-0021_s_003_s_001}
-------------------------

Firstly we evaluated the records of 2000 knee MRIs. Overall, 400 patients were eligible to enter the study, while after applying inclusion and exclusion criteria and clinical examination, 100 cases of chondromalacia were eligible for the final analysis. We evaluated MRI findings of 200 participants, including 100 cases (50 male) with chondromalacia aged between 21 to 64, and 100 healthy controls (51 male) aged between 20 and 57. The mean age of the chondromalacia subjects and cases were 32.7 ± 9.3 and 30.2 ± 7.2, respectively (P-value = 0.21)

Radiographic measurements {#j_raon-2020-0021_s_003_s_002}
-------------------------

We measured 25 radiographic parameters. [Table 1](#j_raon-2020-0021_tab_001){ref-type="table"} summarizes the radiographic features in patients and controls. Intercondylar width, intercondylar depth, medial condyle width, lateral condyle width, trochlear depth, and medial trochlear inclination pad were significantly lower in chondromalacia cases (P-value = \< 0.001, \< 0.001, 0.020), while sulcus angle, patellofemoral index, and subcutaneous fat were significantly higher in cases compared to controls (P-value = 0.009, 0.006, \< 0.001).

###### 

MRI measurements of the control patients versus chondromalacia cases

  MRI Measurements          Median (IQR)           Odds ratio             95% CI^[^†^](#j_raon-2020-0021_fn_101){ref-type="table-fn"}^   P-value          
  ------------------------- ---------------------- ---------------------- -------------------------------------------------------------- ---------------- --------------
  **INA (degree)**          52.0 (48.0--57.0)      53.0 (48.0--56.0)      1.00                                                           0.96--1.05       0.863
  **IW (mm)**               21.5 (20.1--23.4)      20.3 (19.0--21.7)      0.77                                                           **0.67--0.88**   **\< 0.001**
  **ID (mm)**               28.2 (26.7--29.8)      25.9 (26.7--29.8)      0.76                                                           **0.68--0.85**   **\< 0.001**
  **MCW (mm)**              26.5 (24.9--28.5)      24.8 (23.2--26.7)      0.79                                                           **0.70--0.88**   **\< 0.001**
  **LCW (mm)**              27.2 (25.5--28.8)      24.4 (23.3--26.1)      0.77                                                           **0.69--0.86**   **\< 0.001**
  **ATS (degree)**          8.0 (5.5--11.5)        8.0 (6.0--10.5)        1.01                                                           0.94--1.09       0.727
  **CTS (degree)**          3.5 (2.0--5.0)         4.0 (2.5--5.2)         1.13                                                           0.96--1.32       0.144
  **MTS (degree)**          7.5 (5.2--9.5)         7.0 (4.5--9.5)         0.95                                                           0.87--1.04       0.252
  **LTS (degree)**          5.5 (3.5--7.5)         5.5 (3.5--7.5)         0.96                                                           0.88--1.05       0.448
  **PTTS angle (degree)**   27.0 (23.0--30.0)      27.0 (24.0--30.0)      1.01                                                           0.95--1.08       0.46
  **NWI**                   0.29 (0.27--0.31)      0.29 (0.27--0.31)      0.18                                                           0.00--6399.00    0.749
  **TD (mm)**               5.30 (4.82--5.87)      4.04 (3.51--4.60)      0.14                                                           **0.08--0.24**   **\< 0.001**
  **SA (degree)**           140.0 (134.0--145.0)   142.0 (137.0--150.0)   1.04                                                           **1.01--1.08**   **0.009**
  **LTI (degree)**          20.0 (18.0--23.0)      20.0 (17.5--24.0)      0.99                                                           0.93--1.05       0.683
  **MTI (degree)**          18.0 (15.0--21.0)      16.0 (13.5--20)        0.93                                                           **0.89--0.99**   **0.020**
  **LPTA (degree)**         13.0 (10.0--16.0)      14.0 (10.5--17.0)      1.03                                                           0.97--1.08       0.294
  **PFA (degree)**          138.0 (133.0--142.0)   136.0 (132.5--141.0)   0.97                                                           0.93--1.01       0.160
  **PFI**                   1.14 (1.01--1.35)      1.32 (1.07--1.59)      3.02                                                           **1.37--6.65**   **0.006**
  **TTTG (mm)**             12.5 (10.2--15.2)      12.3 (10.5--16.1)      1.01                                                           0.95--1.09       0.603
  **SCF (mm)**              20.5 (17.3--25.3)      26.7 (21.7--34.8)      1.14                                                           **1.09--1.19**   **\< 0.001**
  **CWI**                   0.52 (0.50--0.54)      0.52 (0.50--0.54)      0.76                                                           0.00--3481.00    0.949
  **SWI**                   0.57 (0.54--0.59)      0.56 (0.54--0.58)      0.01                                                           0.00--34.80      0.270
  **P-PT angle (degree)**   140.5 (137.0--144.0)   140.0 (137.5--143.5)   0.99                                                           0.93--1.05       0.802
  **ISI**                   0.98 (0.89--1.07)      1.00 (0.89--1.14)      4.62                                                           0.60--35.20      0.139
  **PTI**                   0.31 (0.26--0.36)      0.30 (0.25--0.35)      0.04                                                           0.00--2.21       0.115

ATS = Anterior tibial slope; CTS = Coronal tibial slope; CWI = Cartilaginous Wiberg index; ID = Intercondylar depth; INA = Intercondylar notch angle; ISI = Insall-Salvati index; IW = Intercondylar width; LCW = Lateral condyle width; LPTA = Lateral patellar tilt angle; LTI = Lateral trochlear inclination; LTS = Lateral tibial slope; MCW = Medial condyle width; MTI = Medial trochlear inclination; MTS = Medial tibial slope; NWI = Notch width index; P-PT angle = Patella-patellar tendon angle; PTTS angle = Patellar tibial tendon shaft angle; PFA = Patellar facet angle; PFI = Patellofemoral index; PTI = Patellotrochlear index; SA = Sulcus angle; SCF = Subcutaneous fat pad; SWI = Subchondral Wiberg index; TD = Trochlear depth; TTTG = Tibial tuberosity trochlear groove distance

IQR represents 25^th^--75^th^ interquartile range, 95% CI represents 95% confidence interval for odds ratio

Predictive model for chondromalacia {#j_raon-2020-0021_s_003_s_003}
-----------------------------------

We developed a predictive model for chondromalacia. This model included medial tibial slope, trochlear depth, lateral trochlear inclination, and lateral patellar tilt angle and age. This model predicted the disease with an excellent AUC (area under curve) of 0.92 (95% CI: 0.85--0.94). Any increase in lateral trochlear inclination and lateral patellar tilt angle could increase the probability of the disease (positive correlation with chondromalacia) (Odds ratio 1.15, 1.13; 95% CI: 1.03--1.30; 1.02--1.26, respectively).

However, any increase in medial tibial slope and trochlear depth could decrease the probability of chondromalacia (negative correlation with chondromalacia) (Odds ratio 0.85, 0.06; 95% CI: 0.73-- 0.98, 0.02--0.17, respectively), ([Table *2*](#j_raon-2020-0021_tab_002){ref-type="table"}). Increasing age could also increase the probability of the disease (positive correlation with chondromalacia) (Odds ratio 1.10; 95%CI: 1.02--1.20).

###### 

Predictive model for chondromalacia including MRI measurements

  MRI measurements   Odds ratio   95% CI       P-value   Intra-rater reliability   Contribution of any increase in this parameter to chondromalacia
  ------------------ ------------ ------------ --------- ------------------------- ------------------------------------------------------------------
  **LTI**            1.15         1.03--1.30   0.014     0.992                     Increases disease probability
  **LPTA**           1.13         1.02--1.26   0.018     0.996                     Increases disease probability
  **MTS**            0.85         0.73--0.98   0.026     0.997                     Decreases disease probability
  **TD**             0.06         0.02--0.17   0.000     0.995                     Decreases disease probability
  **Age**            1.10         1.02--1.20   0.015     \-                        Increases disease probability

LTI = Lateral trochlear inclination; LPTA = Lateral patellar tilt angle; MTS = Medial tibial slope; TD = Trochlear depth

The Area under curve (AUC) for this model is estimated as 0.92 (bootstrap bias-corrected 95% CI: 0.85--0.94). Any increase in lateral trochlear inclination and lateral patellar tilt angle could increase the probability of the disease (positive correlation), while any increase in medial tibial slope and trochlear depth could decrease the probability of the disease (negative correlation)

INA, IW, ID, MCW, LCW, ATS, CTS, LTS, PTTS angle, NWI, SA, MTI, PFA, PFI, TTTG, SCF, CWI, SWI, P-PT angle, PTI, and ISI were not significant (no correlation with chondromalacia) in the multi-variable analysis regarding the presence of chondromalacia (P-value = 0.20, 0.24, 0.15, 0.19, 0.56, 0.30, 0.09, 0.39, 0.43, 0.32, 0.21, 0.55, 0.07, 0.15, 0.11, 0.11, 0.19, 0.66, 0.09, 0.27, 0.29; respectively).

Predictive model for the severity of the disease {#j_raon-2020-0021_s_003_s_004}
------------------------------------------------

Patients were classified as grade 1 lesion (38 patients), grade 2 lesion (28 patients), grade 3 lesion (14 patients), and grade 4 lesion (20 patients). We combined grade 1 and 2 *vs*. grade 3 and 4 to develop a predictive model for severity of disease in patients with chondromalacia.

We designed a two-variable model for predicting the severity of the disease using age and Insall-Salvati index concurrently. Insall-Salvati index and age were two factors that could predict disease severity (Odds ratio = 75.89, 1.14; 95% CI: 2.17--2652.69, 1.07--1.21, respectively) with an AUC of 0.82 (95% CI: 0.64--0.86) ([Table 3](#j_raon-2020-0021_tab_003){ref-type="table"}). Any increase in Insall-Salvati index (*i.e*. any increase in patellar height) and age could increase the severity of the disease (resulted in higher grades of chondromalacia). It means that if patellar height increases, patients will experience more severe disease (higher grades).

###### 

Predictive model for chondromalacia severity including MRI measurements

  MRI measurements   Odds ratio   95%CI           P-value   Intra-rater reliability   Contribution of any increase in this parameter to chondromalacia severity
  ------------------ ------------ --------------- --------- ------------------------- ---------------------------------------------------------------------------
  **ISI**            75.89        2.17--2652.69   0.017     0.997                     Increases disease grade
  **Age**            1.14         1.07--1.21      0.000     \-                        Increase disease grade

ISI = Insall-Salvati index

The Area under curve (AUC) for this model is estimated as 0.82 (bootstrap bias-corrected 95% CI: 0.64--0.86). Grade 1 and 2 are considered as non-severe, while grade 3 and 4 are assumed as severe. Increase in patellar height and age will increase disease grade (positive correlation with disease severity)

Discussion {#j_raon-2020-0021_s_004}
==========

Prediction models are becoming more popular in medicine. Previous studies focused their attention on the correlation between trochlear morphology and chondromalacia patellae, in a single variable analysis model. We developed a model to predict chondromalacia. We included medial tibial slope, lateral trochlear inclination, lateral patellar tilt angle, trochlear depth, and age in the final predictive model for chondromalacia. We found that any increase in lateral trochlear inclination and lateral patellar tilt angle could increase the probability of the disease, while any increase in medial tibial slope and trochlear depth could decrease the probability of the disease. We also found that if patellar height increases, patients would experience more severe disease (higher grades).

Lateral patellar tilt angle (LPTA) was suggested as one of the predictive factors in the final model. LPTA was shown to be increased in chondromalacia subjects. Abnormal position of the patella in the femoral trochlear groove may play a role in the progression of chondromalacia patellae.[@j_raon-2020-0021_ref_021], [@j_raon-2020-0021_ref_022] Studies have shown that lateral patellar displacement is associated with cartilage loss.[@j_raon-2020-0021_ref_023] This can be justified by the fact that lateral tilting happens as a result of lateral compressive forces which acts on the lateral facet and increases shear forces in the central ridge area. These forces will increase chondrocyte activity, until the functional requests exceed chondrocyte potential and results in chondrocyte degeneration.[@j_raon-2020-0021_ref_024] Moreover, previous studies have found that LPTA correlates with the sulcus angle in different knee flexion angles.[@j_raon-2020-0021_ref_025] Sulcus angle has been reported to be greater in lateral maltrackers compared to non-lateral maltrackers[@j_raon-2020-0021_ref_026], and it also correlates with cartilage lesions.[@j_raon-2020-0021_ref_027] A wider sulcus is responsible for the increased pressure on patellofemoral articular surface and will predispose the patient to cartilage loss.[@j_raon-2020-0021_ref_027] This correlation between the sulcus angle and LPTA may justify our result. However, LPTA has been reported to correlate significantly with chondral lesions in the lateral compartment of the patellofemoral joint (odds ratio \< 1) and non-significantly with chondral lesions in the medial compartment of the patellofemoral joint (odds ratio \> 1) in previous studies.[@j_raon-2020-0021_ref_027] In this study, we did not define the side of cartilage defect. As chondromalacia impacts the medial side more frequently[@j_raon-2020-0021_ref_028], we may speculate that this relationship in our study should be judged according to the side of involvement.

In addition, LTI was positively correlated with chondromalacia according to our results. Kuroda *et al*. showed that elevation of lateral trochlea facet (increased LTI) could increase average patellofemoral contact pressure (40% increased with 10 mm lateral trochlear elevation). This may also induce the degradation of the cartilage.[@j_raon-2020-0021_ref_029]

The most important finding of the present study is that the tibial slope may play an important role in the progression of chondromalacia. We found that with the medial tibial slope increasing, the risk of chondromalacia decreases. Studies suggest that an increase in the tibial slope leads to a decrease in patellofemoral contact force.[@j_raon-2020-0021_ref_030] Posterior positioning of femoral components and increase in quadriceps lever arm are responsible for this association.[@j_raon-2020-0021_ref_031], [@j_raon-2020-0021_ref_032], [@j_raon-2020-0021_ref_033] We deduce that the tibial slope correlates with chondromalacia patellae; however, the effect of tibial slope on medial and lateral patellar facets may be different. Furthermore, correcting the tibial slope with a greater angle has been shown to reduce anterior tibial strains, which are imposed on the patella.[@j_raon-2020-0021_ref_034] Moreover, studies in patients with osteoarthritis suggested that increasing the tibial slope in unicompartmental knee arthroplasty of medial patellar facet will reduce the tension on the medial side.[@j_raon-2020-0021_ref_011] This may also show the clinical importance of tibial slope on decreasing patellofemoral stress.

Our study suggests that trochlear depth would be sufficient for measuring the association of trochlear dysplasia with chondromalacia. Sulcus angle and trochlear depth are the two important factors associated with trochlear dysplasia in previous studies[@j_raon-2020-0021_ref_035], and the congruency of the patella and femoral trochlea has been underscored in the development of cartilage lesions.[@j_raon-2020-0021_ref_010] Patellofemoral tracking is also considered an important factor in patellofemoral pain syndrome.[@j_raon-2020-0021_ref_036] Trochlear depth has been reported to be an important determinant of patellofemoral stability[@j_raon-2020-0021_ref_037], thus, it may be an important factor in the process of tracking. Tuna *et al*. reported sulcus angle and trochlear depth to be significantly different in patients with and without the disease.[@j_raon-2020-0021_ref_018] They reported greater mean of sulcus angle and lower mean of trochlear depth in chondromalacia subjects. Our findings are consistent with the latter study. We found that with the trochlear depth decreasing, the risk of chondromalacia increases to a great extent. This may be explained by the fact that when the trochlear surface becomes shallower, the surface area for articulation at the patellofemoral joint increases. Although it may provide a better distribution of joint load[@j_raon-2020-0021_ref_037], the increased friction may result in cartilage defects. Further studies are needed to evaluate this proposed kinematics in active knee movements. This finding may underscore the clinical importance of trochlear depth. Takahashi *et al*. also showed better adaptation of the implants featuring deep trochlea to the native patella (low-contact stress implant and NexGen implant).[@j_raon-2020-0021_ref_038]

We also proposed a predictive model of disease severity. In our study, ISI and age could predict higher disease severity. To our knowledge, this is the first predictive model for the severity of chondromalacia with an excellent AUC. A model was proposed in the previous study by Lu *et al*. for chondromalacia but not severity by using Insall-Salvati index (ISI). This model was based on the patella alta and baja and could diagnose chondromalacia with an AUC of 0.596.[@j_raon-2020-0021_ref_007]

In both predictive models proposed by our findings, age was remained as an important factor. A study in the United States population showed that the contribution of chondromalacia to the patellofemoral pain syndrome increases by age up to 59 years.[@j_raon-2020-0021_ref_039] We also excluded patients older than 65 years and the results may not be applicable to older age groups.

There are some limitations to our study. This was a single center study, we used MRI to detect chondral lesion and early lesions might be considered as normal. MRI evaluations were performed during rest. Muscle contractions may alter these findings as described by previous studies.[@j_raon-2020-0021_ref_042] We did not evaluate the exact site of the cartilage lesions. Moreover, medial and lateral facet chondromalacia might have different natures. Previous studies reported the predominance of chondromalacia in the medial patellar facet.[@j_raon-2020-0021_ref_022] We did not define the side of chondromalacia in our subjects, so more pieces of evidence are needed to define the exact correlation of tibial slope with both medial- and lateralfacet chondromalacia.

The advantage of this study in knowledge is that when more diverse anatomical factors are analyzed regarding the presence of chondromalacia, tibial anatomical factors play a role in the progression of the disease. This study may clarify the mechanism of chondromalacia and emphasize the role of tibial slopes in the mechanism of cartilage loss. Previous studies focused on femoral trochlear dysplasia, and did not include tibial anatomical parameters in their analysis. The result of this study meight also affect the treatment of chondromalacia, as new treatment plans for healing cartilage and bone defects are being introduced and focus on altering tibial anatomy including tubercle osteotomy.[@j_raon-2020-0021_ref_040], [@j_raon-2020-0021_ref_041] The result of this study shew the role of tibial anatomy in developing chondromalacia. In addition, the clinical importance of this study was the fact that tibial slope should be precisely set in knee surgeries; however, more studies are needed to determine the best cut-off for tibial slope.
